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where d is the distance between the mirrors of reflectivity R and c is the speed of light.
Depending on the reflectivity of the mirrors, several thousand round trips can be achieved.
For typical values of R = 0.999 and d = 1 m the effective path length is 1 km. The absorption of light by a sample inside the cavity causes an additional loss and consequently a shorter ring-down time. For a filled cavity, the reduced ring-down time, τ , is directly linked to the absorption coefficient
where σ is the absorption cross section and ρ is the number density of the sample leading to a fractional absorption per pass of L = αd. As the ring-down time is the measurable, the technique is immune to power fluctuations of the incident laser, leading to a high sensitivity in comparison to most other absorption techniques. In contrast to LIF, absolute absorption coefficients can be directly obtained by measuring the ring-down times with and without the sample.
In cavity ring-down spectroscopy, the absorbance is measured over the path length through the sample (integrated column density) and, unlike LIF, is not spatially resolved. Similar to LIF, CRDS has been applied to gas-phase, liquid and solid samples.
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A CRDS measurement is based on the detection of a small change in signal on a large background and its dynamic range is restricted by the minimal and maximal detectable change in ring-down time.
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Historically, CRDS was developed as a pulsed technique in the visible spectral region probing electronic transitions. Such setups typically span a dynamic range of three orders of magnitude. 11 More recent advances in infra-red optics and light sources led to the development of more and more sensitive cavity-enhanced spectroscopic techniques that probe vibrational overtone transitions using cw IR light. 12 The limit of detection of LIF is generally superior for a spatially confined sample whereas CRDS can exceed this limit if the sample fills the entire length of the cavity.
CELIF is a direct combination of LIF and CRDS that employs a single, pulsed laser beam inside the optical cavity interacting with the same sample for both the fluorescence and Previously, several groups have used different combinations of LIF and CRD, not necessarily using a single laser beam, to measure, e.g., fluorescence quantum yields and quenching rates. [13] [14] [15] [16] Richman et al. detected fluorophor-doped aerosols within a cavity by their fluorescence signal. 17 Furthermore, CRD spectroscopy, instead of Rayleigh scattering, has recently been used to calibrate density measurements in flames via LIF. [18] [19] [20] None of these previous studies used the correlation of the LIF and CRD measurements as presented here.
In this paper, we develop the CELIF methodology based on the simultaneous LIF and CRD measurements. We present experimental results that scrutinize the methodology, particularly the increased dynamic range and the significantly lower limit of detection in comparison to the standalone CRDS setup.
II. EXPERIMENT
The fundamental idea of CELIF is to measure the fluorescence of a sample situated inside a traditional ring-down cavity simultaneously with the ring-down decay. A schematic layout of the setup is shown in Fig. 1 . It is a straightforward combination of a classical LIF and pulsed CRDS setup: the sample is intersected by the laser beam that is confined in the cavity and the laser-induced fluorescence is collected at right angles. In our setup the wavelengthintegrated fluorescence is recorded. Without loss of generality, the technique can be used in a setup where the dispersed fluorescence spectrum is measured. In principle, the technique should be widely applicable to any gas-phase, liquid and even solid samples which have been used in previous CRDS studies as long as the fluorescence light can be extracted from the sample volume.
A. CELIF method
In a CELIF measurement, the following three quantities are extracted from the simultaneously recorded CRD and LIF transients: the ring-down time, τ , the time-integrated ringdown transient, S CRD , and the time-integrated fluorescence transient, S LIF . The latter two are a measure of the amount of light incident on the respective detectors. In the following, we derive how these three quantities are used to normalize and to calibrate the LIF measurement to determine absolute absorption coefficients.
In a general LIF measurement, the detected fluorescence, S LIF , is proportional to the light intensity, I L , that has interacted with the sample within the LIF probe volume:
where λ is the excitation wavelength, Γ is the fluorescence quantum yield and g is a geometry dependent factor of the detection system. In principle, g is also a function of λ as the fluorescence spectrum may depend on the excited state. However, this dependence can only be considered if the dispersed fluorescence spectrum is recorded as a function of excitation wavelength. In order to obtain the absorption coefficient, α, from a fluorescence excitation measurement, S LIF and I L need to be measured. The factor g is an instrument function that is not readily available but can be determined via a meticulous external calibration. The fluorescence quantum yield, Γ, is generally unknown and needs to be measured or predicted from theory in a separate study.
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In the following, we show how the time-integrated CRD transient, S CRD , is correlated to I L and how it is subsequently used to provide the normalization of S LIF to eliminate shotto-shot fluctuations in the laser intensity from Eq. 3. We then describe how the absolute absorption coefficient determined from the ring-down time (Eq. 2) is used for the absolute calibration of the normalized LIF measurement such that in a CELIF measurement prior knowledge of g and Γ is not required.
However, there are differences in the measurement of the fluorescence between a CELIF and a typical single-pass LIF experiment. The entrance mirror of the ring-down cavity rejects the majority of the laser pulse and, as a consequence, the initial fluorescence is very weak in comparison to single-pass LIF. CELIF greatly reduces saturation and power broadening due to the much lower photon densities and, for a transversally mode-matched cavity, 22 effectively eliminates stray light. As in any cavity ring-down setup, the cavity acts as a spatial and as a frequency filter. The coupling of the frequency spectrum of the laser into the cavity modes has been discussed extensively in the cavity ring-down literature.
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Similar to a cavity ring-down setup, a user of CELIF must consider the spectral properties of both laser and cavity and the absorption of the sample in the experimental design and data analysis. 25 The normalization and calibration of the CELIF signal is independent of the spectral composition of the light as both the LIF and CRD measurements are based on the same photons interacting with the sample. Therefore, the following derivation uses the photon-bullet model, 6 i.e. we only consider the time-dependence of the recorded transients.
As in any CRD setup, the laser pulse decays exponentially leading to an increased interaction time with the sample. The pulse confined in the cavity undergoes up to several thousand 6 round trips, interacting with the sample twice on each of them. Each of these interactions induces further fluorescence such that the total fluorescence detected leads to an appreciable integrated LIF transient. Without loss of generality, we assume a sample distribution that is symmetric with respect to a LIF probe volume that is placed at the center of the cavity.
The fractional absorption per pass is L = α s, with the sample length, s, given that L 1.
The light intensity at the center after entering the cavity is
where I in is the laser intensity incident on the cavity entrance mirror and T is the (intensity) transmission of the mirror. In the following derivation we assume identical cavity mirrors.
In addition to the sample loss, a fraction of light leaks out of the cavity upon reflection at the mirror. The light intensity at the center of the cavity after i single passes is
where R is the (intensity) reflectivity of the cavity mirrors. Using the summation rule for geometric series, the summed light intensity, I n , that has crossed the LIF probe volume after n single passes and the integrated intensity in the limit n → ∞, I L , are:
Using Eq. 4 and the approximations L 1 and ), light is only collected after every round trip:
In the limit of an empty cavity (L = 0) and T = 1 − R 1, the measured, time-integrated light intensity incident on the CRD detector is
The integrated light intensity interacting with the sample, I L , and S CRD are linked through Eqs 4, 7, 8 and 10:
In the limit of L 1 and additionally R ≈ 1, I L can be approximated as
As an example, for a relatively poor mirror reflectivity of R = 0.998 and a large fractional absorption of L = 0.001, which would be amenable to a single-pass absorption measurement, the relative error of this approximation is smaller than 10 −3 . This error is dominated by the mirror reflectivity and reduces to 5 · 10 −5 for R = 0.9999.
Therefore, we define the normalized CELIF signal by combining Eqs 3 and 13 as
where, in the photon-bullet model, K = 2 · Γ · g/T . Note that S CELIF is a relative quantity (unitless in our case) proportional to the absorption coefficient, α. The generally unknown proportionality factor K can be obtained through an internal calibration based on a simultaneous ring-down time measurement, provided the absorption leads to a sufficient reduction in ring-down time, ∆τ = τ 0 − τ :
This calibration is particularly robust as both the LIF and CRD measurements use the same photons to excite the same sample.
Note that K depends on the experimental parameters of the detection system, and the gains of both the LIF and the CRD detectors in particular, thus, the calibration needs to be repeated after any change of detection parameters. Equations 14 and 15 hold true for an absorption measurement at a fixed wavelength. Generally, K is a function of the excitation wavelength (fluorescence quantum yield, exit mirror transmission, mirror reflectivity) and the fluorescence spectrum (spectral response of the detection system). A single-pass LIF measurement needs to account for the wavelength dependencies of the quantum yield and the detection system in the same way. In Sec. IV A we describe a procedure that uses the simultaneously measured ring-down times and Rayleigh scattering collected with the LIF detection setup to determine the wavelength dependence of T based on our unchanged setup.
With two sets of UV and visible mirrors we found the transmission to vary by less than 5%
over a wavelength range of 1 nm, which will allow the approximation of the transmission as constant in many applications. We note, however, that the common approximation
derived from an empty-cavity ring-down scan, could not be generally applied over the usable wavelength range of each set of mirrors.
The derivation above is based on the photon-bullet model that ignores the phase and spectral dependencies of the cavity and laser fields. However, both S CRD and S LIF are identically affected by the spectral properties of the light interacting with sample. Hence, Eqs 14 and 15 are generally applicable to arbitrary input light fields.
Without loss of generality, we assumed the LIF measurement to be background-free, see Eqs 3 and 14), i.e. for an empty (sample-free) cavity the LIF signal is zero. However, this is rarely true in practice and we discuss the extraction of background-subtracted absorption coefficients in the Supplementary Material.
In the derivation above, Eqs 2-15, we have assumed an even sample distribution throughout the cavity, which is the case in a typical cell experiment. However, for localized samples, e.g. when using molecular beams, the sample density is not uniform. Both CRDS and LIF measure an average sample density (or absorption coefficient) over their respective probe volumes, cf. Eqs 2 and 3. Knowledge of the sample distribution is required in order to obtain the correct absorption coefficient of the sample.
B. Apparatus
A general CELIF setup is shown in Fig. 1 . It consists of a basic ring-down cavity including beam-shaping, mode-matching optics and a suitably fast photodetector (x-axis in figure) .
A typical LIF detection system, including a collimation lens and photodetector, is added at right angles to the cavity axis, preferably at the center of the sample (y-axis in figure) .
Two experimental setups were used in this study. Setup 1 introduced the sample via an unskimmed molecular beam (z-axis in figure) whereas Setup 2 was used for cell measurements where the entire cavity was filled with the sample gas.
Setup 1 was based on our CRD spectrometer that was used to study the torsional motions of jet-cooled 1,4-bis(phenylethynyl)benzene (BPEB), the details of which are described in In both setups, we use two identical photomultipliers (Hamamatsu, H7732-10 module with R928 tube), the transients of which were simultaneously recorded using a two-channel dig- 
C. Data acquisition and analysis
For each laser shot, the LIF transient and the CRD transient were measured simultaneously as shown in Fig. 2 (a) and (b), respectively. The CRD transient follows the typical exponential decay ( Fig. 2(b) ) from which the ring-down time, τ , is extracted by a non-linear least-squares fit. In combination with the empty-cavity ring-down time, τ 0 , the absorption coefficient, α, is determined as in a typical CRD experiment (Eq. 2).
We also integrate the CRD transient to extract S CRD (cf. Eq. 10). The LIF transient, which in this case follows the ring-down decay, is integrated to yield S LIF . According to Eq. 14 the CELIF signal, S CELIF , is obtained through a shot-to-shot normalization of S LIF with respect to S CRD . Details of the fitting and integration procedure are given in the Supplementary Material.
III. RESULTS
Based on our previous CRD work, 27 we chose BPEB as our model system. One of its characteristic properties is a fluorescence lifetime of < 1 ns following the S 1 ← S 0 electronic excitation. 31 The left column of entire LIF and CRD transients need to be integrated to ensure correct normalization.
In order to assess detection limits and signal-to-noise ratios, we also measured off-resonance transients of BPEB at 321 nm shown in the right column of Fig. 2 . BPEB experiences a broad absorption in the 317 -321 nm range that can possibly be attributed to a broad in a seeded molecular beam (Fig. 2(c) ) with our CELIF setup. The corresponding CRD transient ( Fig. 2(d) ) did not show a reduction in ring-down time with respect to the empty cavity demonstrating the higher sensitivity of CELIF.
We confirmed the validity of the CELIF normalisation according to Eq. 14 by measuring the fluorescence of acetone in a filled cavity. Displayed in Fig. 3(a) , the laser intensity, as measured by S CRD , is linearly proportional to the fluorescence signal, S LIF , with the gradient equal to S CELIF . The linear least-squares fits demonstrate the linear correlation between S CRD and S LIF and show the absence of saturation effects.
The linearity of S CELIF with respect to the absorption coefficient (or sample density), Eq. 14 was confirmed using N 2 Rayleigh scattering ( Fig. 3(b) ). The Rayleigh scattering loss in the filled cavity was simultaneously measured by CELIF and CRD as function of N 2 pressure (determined by a calibrated capacitance manometer). The ratio of the slopes of the linear least-squares fits to both data series was used to determine K for the absolute calibration of CELIF data with respect to the CRD measurement. The data analysis is discussed in more detail in the Supplementary Material. with overlapping high and low PMT voltages to internally calibrate the gain of the LIF detector. We were able to follow the sample density over a range of more than three orders of magnitude. The very low baseline noise in the CELIF measurements is evident in Fig. 4(b) and (d). Even in Fig. 4(f) , where the sample density is reduced by three orders of magnitude, the CELIF baseline noise is comparable to the CRD baseline noise at the highest sample concentration, Fig. 4 (a). 
IV. DISCUSSION
Our work has shown that recorded CELIF signals are linearly related to absorbances derived from ring-down time measurements. The cavity ring-down part provides the absolute scale for the LIF measurement without the requirement of any external calibration. With this combination of the two techniques, the high sensitivity of LIF greatly extends the accessible dynamic range of CRDS on an absolute scale due to a greatly improved signal-to-noise ratio.
The presence of the cavity introduces changes to the LIF technique that we will discuss in 15 the following sections.
A. General characteristics of CELIF measurements
Fundamentally, CELIF is a LIF measurement. The presence of the cavity and the simultaneously recorded CRD transient are used to normalize and calibrate the LIF signal. We discuss the properties of CELIF in comparison to a single-pass LIF measurement and demonstrate the improvements and limitations invoked by the presence of the cavity.
In a single-pass LIF measurement a major source of noise is the stray light created by scattering of the incident laser pulse by the window substrate, by ghosts of the optical elements in the beam path and by surface scattering inside the chamber housing the sample.
Large amounts of stray light can saturate the photodetector and lead to considerable dead times after the initial laser pulse. Commonly, baffles, optical filters and/or time gating of the detector are used to suppress or remove stray light. Particularly challenging are the detection of fluorescence signals on the excitation wavelength and if the fluorescence lifetime is of the order of, or shorter than, the laser pulse length. We discuss this in more detail in Sec. IV D.
In CELIF, the cavity invokes stringent conditions on the shape and spectral composition of the laser beam interacting with the sample. Due to the low mirror transmission, the initial light pulse inside the cavity has an intensity several orders of magnitude lower than in a single-pass LIF setup. Consequently, the stray light is reduced by the same fraction such that saturation of the photodetector is avoided. In well designed, aligned and modematched cavity setups the incident laser pulse can predominantly be coupled in TEM 00 modes, leading to a well defined Gaussian beam waist at the center. Parts of the incoming laser pulse composed of high-order transverse modes, e.g. from fluctuations of the laser beam profile, will not be efficiently coupled into the cavity and this light disappears after a few round trips. This unwanted "stray-light" part of the LIF transient can easily be removed by time gating without the use of baffles, etc. This allows the detection of the whole fluorescence spectrum, including fluorescence on the excitation wavelength. We have demonstrated the successful and very clean detection of light on the excitation wavelength as shown in the Rayleigh scattering measurements in Fig. 3(b) .
The mirror reflectivity and cavity length define the longitudinal mode structure supported by the cavity. This means that in CELIF the spectral composition of the light interacting with the sample is invoked by the cavity. [23] [24] [25] [26] In contrast, a single-pass LIF measurement uses the full spectrum of the laser. For all the measurements reported in this paper, the excited state lifetimes (or the lifetime of the virtual state for Rayleigh scattering) are significantly shorter than the cavity round-trip times. As a consequence, the linewidths exceed the free spectral range of the cavity multiple times and as such the transitions are in resonance with many cavity modes.
The photon-bullet model used in the derivation in Sec. II A does not take the spectral composition of the light into account. Following Ref. 24 , we have confirmed that once the laser bandwidth spans more than 1.5 times the free spectral range of the cavity, the frequency-integrated light intensity entering the cavity is independent of the laser carrier frequency and equals I in T , see Eq. 4. Thus, through the repeated use of the light pulse inside the cavity, the integrated light intensity creating the LIF signal in a CELIF experiment is
In a single-pass, pulsed LIF experiment, the fluorescence signal is created by the full intensity of the probe laser, I in .
Therefore, the total light intensity in both techniques differs only by the factor T /(1 − R), cf. Eqs 4 and 7. For our setup we conducted a Rayleigh scattering measurement of N 2 in a filled cavity (150 mbar) at a wavelength of 321 nm to determine the factor T /(1 − R).
Combining Eqs 3, 4 and 7 in the limit of L 1, the transmission of the entrance mirror is given by
The light incident on the entrance mirror, I in , was measured with a pyro detector. The measured ring-down times τ 0 and τ are used to obtain 1 − R and the Rayleigh scattering coefficient, α R . The geometric detection efficiency of the LIF assembly was calculated by ray tracing using Monte-Carlo integration. The quantum efficiency and the gain of the PMT to measure S LIF were taken from its data sheet. The latter three quantities combine to the geometry-dependent factor of the detection system, g. From this measurement we obtain T /(1 − R) = 0.4 ± 0.2. This value is consistent with the the data for T and R as listed by the manufacturer. 32 Consequently, the light available to invoke S LIF in our CELIF setup is 40% of the light available in an equivalent single-pass LIF measurement. Therefore, in terms of number of photons interacting with the sample, CELIF and single-pass, pulsed LIF are comparable. However, the photon flux per sample pass is several orders of magnitude lower for CELIF which will result in much reduced power broadening of spectral lines.
Compared to a CRD measurement, CELIF can be used over a wider range of wavelengths using the same set of cavity mirrors. The sensitivity of CRD crucially depends on the large effective path length given by the high mirror reflectivity. Following the derivation of Eqs 13 and 14, the CELIF signal is largely independent of the mirror reflectivity and as a consequence the useful wavelength range of the mirrors is extended.
The number of molecules that are excited in any given time interval is proportional to the number of laser photons present in the cavity. Consequently, the time evolution of the LIF signal is the temporal convolution of the ring-down and fluorescence decays. In a typical single-pass LIF experiment using ns laser pulses, the sample can be regarded as static. In CELIF, however, the time resolution is given by the ring-down time. If the sample density changes on the time scale of the ring-down decay, this change needs to be accounted for.
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B. Limit of detection and extension of dynamic range
The dynamic range of absorbance measurements is at one end determined by the limit of detection (LOD) defined by the noise level and at the other end by saturation. It is important to note that in CRD measurements the noise level stays almost constant, see Fig. 3(b) . The lowest absorbance that can be measured needs to cause a statistically significant change in the ring-down time. At the other end, CRD measurements are not valid any more when large absorbances lead to very short ring-down times. A typical pulsed UV/vis CRD measurement spans two to three orders of magnitude in dynamic range.
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In a LIF experiment, the LOD is defined by the baseline noise of the detection system. At very low signals, when the photodetector amplification is high, the baseline noise is amplified as well. The absolute noise typically increases with signal as can be seen in the upper trace of Fig. 3(b) .
We quantified the limits of detection of the fractional absorptions, L = α s, from simul- gross analyte signal, S t , was determined from the strongest absorption at 319.69 nm, cf. the LIF transients were affected by quantum noise leading to a low signal-to-noise ratio in S LIF . In this regime, the number of detected photons is still too high for photon-counting due to a large number of coincidence events, in particular at the start of the decay. However, by decreasing or increasing the amount of incident laser light, the detection can be made suitable for photon counting or integration, respectively. In this instance the cavity was filled with N 2 and the pressure was changed slowly. The CRD trace exhibits oscillations with pressure that we attribute to variations in the mirror alignment caused by the pressure gradient across the mirrors. Changes in mirror alignment alter the coupling efficiency of light into the cavity, the temporal profile of the CRD transient and therefore the ring-down time, τ , introducing a systematic error. In contrast, the CELIF trace is unaffected by these variations due to the robust shot-to-shot normalization that automatically compensates for the varying amount of light coupled into the cavity.
In our setup, the mirrors seal the cavity to atmosphere using O-rings, the compression of which is used to align the mirrors. Although we improved our setup in several iterations to reduce the influence of pressure changes, Fig. 3 with the cavity in order to increase the signal-to-noise ratio and to limit saturation. The single-pass LIF signal was normalized on a shot-to-shot basis against the laser intensity recorded on a pyro detector at the exit window. Stray light was suppressed using a longpass filter (Semrock, 341 nm blocking edge BrightLine) in front of the LIF photomultiplier.
Compared to the normalized CELIF spectrum, the observed baseline noise of the singlepass LIF spectrum is approximately 100 times larger whereas for the unnormalized LIF with cavity this reduces to a factor of 6. This demonstrates the difficulty of single-pass LIF to measure the 500 ps fluorescence free from stray light using a 5 ns laser pulse despite the large fluorescence quantum yield of Γ = 0.58 of BPEB. In order to separate the stray light from fast fluorescence signal, ps lasers and fast signal digitization need to be employed as demonstrated by the fluorescence lifetime measurements of BPEB by Fujiwara et al.
31
With CELIF, we occasionally observe a small initial peak due to light that is not coupled by Hagemeister et al. deployed a similar experimental approach to the one described here to measure relative fluorescence quantum yields from single vibronic level of tropolone and tropolone-water clusters. 14 However, in order to extract accurate relative quantum yields, knowledge of the wavelength dependent mirror transmission would be required, see Eq. 13.
In the following, we propose how CELIF could be used to measure absolute fluorescence quantum yields in a self-calibration scheme with Rayleigh scattering. Considering Eqs 3
and 13-14, the absorption coefficient is
Performing a Rayleigh scattering measurement (where Γ = 1 by definition) with the CELIF setup, the Rayleigh scattering coefficients, α R = σ R ρ, can be extracted from the simultaneous ring-down time measurement or from known Rayleigh cross sections and sample densities. The fraction α R /S CELIF R is the calibration factor K R (λ) = T (λ)/2g. The absolute fluorescence quantum yield, Γ, of the sample molecule is then obtained from a subsequent CELIF measurement using the above calibration,
where the absorption coefficient, α CRD , is determined from the ring-down time measurement.
Strictly, the wavelength dependence of g needs to be considered with respect to the spectral response of the detection system (from data sheets) and the fluorescence spectrum.
V. CONCLUSIONS
We have demonstrated how a conventional, pulsed CRD setup can be extended by fluorescence detection in a straightforward manner that combines the advantages of both the CRD and LIF techniques. The CELIF technique uses the same laser beam and sample in the cavity. Its simultaneous absorption (CRD) and fluorescence (LIF) detection allows a rigorous absolute calibration of the LIF measurement at sample densities that lead to a measurable reduction in ring-down time. This calibration can subsequently be applied across the entire LIF dynamic range. From the calibrated CELIF signals, absolute quantities, such as sample densities, absorption cross sections and potentially fluorescence quantum yields, can be extracted. The only additions to a CRD setup are LIF collection optics, a photodetector and a recording channel. In this study, we have shown how the limited dynamic range of the CRD measurement can be extended by at least three orders of magnitude using the combined technique.
We believe that CELIF is most suited for localized sample volumes, such as molecular beams, flames or surfaces. In these situations, CRDS cannot fulfil its full potential due to the small absorption path length, and single-pass LIF may need to be calibrated with much effort to obtain absolute quantities. With CELIF, pulsed and absolute measurements are again possible in the UV-vis spectral region with sensitivities that can approach those of some cavity-enhanced techniques in the IR.
In our respective research areas, we apply CELIF to molecular spectroscopy in supersonic beams and dynamics at surfaces. Other research fields where absolute spectroscopic quantities such as cross sections and quantum yields are required include astrochemistry, atmospheric chemistry, trace-gas detection and plasma physics/chemistry. In chemical reaction dynamics, using molecular beams or (ultra-)cold molecules, CELIF offers the prospect of measuring absolute densities using modest experimental means, thus allowing the determination of accurate absolute cross sections in scattering experiments.
